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ABSTRACT

Digital Subscriber Lines (DSL) are an important part of the broadband communications

infrastructure. With the advent of multi-user MIMO based DSL systems (called Vectored

DSL), far-end crosstalk has ceased to be the dominant impairment in DSL receivers. In-

stead, alien noise sources (possibly intermittent in nature) such as power supplies, home

appliances, motors, commercial radio broadcasts, and other services in the DSL band like

PLC modems have become the primary impairments. While techniques like interleaved

Reed-Solomon coding based forward error correction (FEC) and physical layer retrans-

mission, incorporated into DSL standards can help mitigate the impact of these alien noise

noises, additional partial or complete noise cancellation can complement the FEC and re-

transmission capabilities. Since DSL relies on differential mode (DM) transmission for

the data signal over copper twisted pairs, and alien noise couples onto the twisted pair

electromagnetically as a common mode (CM) signal, an additional CM sensor at the re-

ceiver offers an extra degree of freedom, which can be used to cancel the alien noise that

leaks into the differential mode. However, there are two main challenges when using the

CM sensor for noise cancellation. The first problem is that although the common mode

to differential mode coupling can be modelled as a linear time-invariant (LTI) system, it

has to be assumed as a finite impulse response (FIR) filter with a long impulse response

(of the order of hundreds of taps), and no simpler model or detailed characterization is

available. This results in high complexity for training and cancellation, as well as longer

training time. The second challenge is that the estimation of the coupling (i.e., training of

the noise canceller) has to be done in the presence of a much stronger data mode signal

(around 25−30 dB stronger) than the alien noise signal in DM, which makes this problem

akin to a signal of interest buried in impairment type estimation problem. Therefore, a
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large amount of averaging is needed for accurate estimation, resulting in a slow conver-

gence of the training algorithm. Decision-directed estimation cannot be directly employed,

since the DM signal to uncancelled alien noise ratio can be lower by around 25−30 dB, as

compared to the regular data mode signal to noise ratio (usually around 50 dB), resulting

in error probabilities close to 1. This thesis aims to solve these challenges, in order to con-

struct a practically feasible method for utilizing the common-mode sensor for alien noise

cancellation, as well as explore additional issues introduced by considering the proposed

method(s).

Our proposed solution is based on the use of the frequency-domain “Per-Tone” model

for training and cancellation, wherein we falsely assume that alien noise has a cyclic struc-

ture, thus introducing an approximation in the CM-DM signal coupling model. The use of

the frequency domain Per-Tone model allows us to introduce decision-directed estimation

very conveniently since DSL uses OFDM data transmission. The Per-Tone model also

enables low-complexity training and cancellation, besides having other implementation

related advantages. We have proposed a low complexity two-stage algorithm for train-

ing the Per-Tone canceller with a non-decision-directed first stage, and a second iterative

decision-directed stage, that has a reasonably fast convergence. We have provided a de-

tailed analysis of the convergence of both stages of the proposed algorithm. The validation

of the efficacy of the proposed algorithm presents an additional challenge, since there is no

standard statistical noise model available for alien interference, as its nature varies widely

from source to source. To work around this problem, we have demonstrated the efficacy of

the algorithm via simulations using an adversarial non-stationary noise model.

Further, we have also proposed a joint time and frequency domain algorithm for train-

ing the noise canceller, which has high complexity but very fast convergence and provided

some limited justification for its convergence. Additionally, we have also proposed an-

other variant of the frequency-domain Per-Tone training algorithm, which has high mem-

ory requirements but faster convergence than the two-stage Per-Tone algorithm mentioned

earlier. Both of these algorithms are not amenable to rigorous analysis but can be useful in

practice.
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The other significant contribution in the thesis is the analytical treatment of the Per-

Tone model. The Per-Tone model, which falsely assumes that the alien noise signal has

circulant structure, has an inherent approximation. Due to this inherent approximation, the

residual post-cancellation noise in Per-Tone cancellation can be higher than the residual

noise in cancellation by linear (time-domain) convolution. We have analytically derived

the expression for the residual noise power and suggested a method to optimize it using

a “post-training” delay adjustment. Next, we derive the exact relation between the “true”

time-domain impulse response of the coupling and the response obtained by the inverse

discrete Fourier transform of the Per-Tone coefficients. Using results from the asymp-

totic equivalence between Toeplitz and circulant matrices, we show that this exact relation

can be approximated very simply in most practical cases, resulting in a simple method

to derive the time-domain impulse response from the Per-Tone coefficients, which in turn

can be used to offer improved cancellation performance. This line of analysis is further

used to derive the analytical justification for the good performance of the Per-Tone model,

despite its inherent approximation. We point out that in case of Per-Tone cancellation,

the residual noise can be potentially strongly complex non-circularly distributed resulting

in some additional loss of performance. We analyze this effect and show that for wide-

band noise scenarios, this effect may be mild. Further, we analyze the impact of complex

non-circularly distributed Gaussian noise on the performance of the four-dimensional (4D)

Trellis Coded Modulation (TCM) used in DSL standards, and suggest measures to improve

the performance of the code in this scenario.
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सार 

 

�डिजटल स�स�ाइबर लाइ�स (DSL) �ॉडब�ड संचार का एक मह�वपणू� �ह�सा ह� भ�ूमका�प            

�यव�था। बहु-उपयोगकता� MIMO आधा�रत डीएसएल �स�टम (वे�टरड डीएसएल कहा जाता है)           

के आगमन के साथ, दरू-अतं �ॉस�टॉक DSL �रसीवर म� �मखु हा�न होना बंद हो गया है। इसके                 

बजाय, �वदेशी शोर �ोत (संभवतः �कृ�त म� �क-�क कर) �बजल� क� आप�ूत�, घरेलू उपकरण�,              

मोटस�, वा�णि�यक रे�डयो �सारण, और पीएलसी मोडमे जसेै डीएसएल ब�ड म� अ�य सेवाएं             

�ाथ�मक �यवसाय बन गई ह�। जब�क इंटरल��ड र�ड-सोलोमन को�डगं जसैी तकनीक आधा�रत            

��ुट सधुार (FEC) और भौ�तक परत पनु: �वेश, डीएसएल म� शा�मल मानक इन �वदेशी शोर शोर                

के �भाव को कम करने म� मदद कर सकते ह�, अ�त�र�त आ�ंशक या पणू� शोर र�द�करण FEC                 

और पनुस�रचना �मताओं को परूक कर सकता है। जबसे तांबे से अ�धक डटेा �स�नल के �लए                

डीएसएल अतंर मोड (डीएम) �ांस�मशन पर �नभ�र करता है जोड़,े और �वदेशी शोर जोड़े को एक                

सामा�य मोड के �प म� �व�यतु च�ुबक�य �प से मड़ु जोड़ी पर (सीएम) संकेत, �रसीवर पर एक                 

अ�त�र�त सीएम स�सर �वतं�ता क� एक अ�त�र�त �ड�ी �दान करता है, िजसका उपयोग             

�वभेदक मोड म� ल�क होने वाले �वदेशी शोर को र�द करने के �लए �कया जा सकता है। हालां�क,                  

शोर र�द करने के �लए सीएम स�सर का उपयोग करते समय दो म�ुय चनुौ�तयां ह�। पहल�                

सम�या यह है �क आम मोड से �डफर��शयल मोड कप�लगं हो सकती है एक रै�खक               

समय-अप�रवत�नीय (LTI) �णाल� के �प म� �न�म�त, इसे एक प�र�मत आवेग के �प म� �हण               

�कया जाना है ��त��या (एफआईआर) एक लंबी आवेग ��त��या (सकैड़� नल के आदेश) के साथ               

�फ़�टर करती है, और नह�ं सरल मॉडल या �व�ततृ ल�ण वण�न उपल�ध है। इसके              

प�रणाम�व�प उ�च ज�टलता होती है ��श�ण और �नर�तीकरण, साथ ह� साथ ��श�ण            

समय। दसूर� चनुौती यह है �क य�ुमन का अनमुान (यानी, शोर क� सेलर का ��श�ण) उपि�थ�त               
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म� �कया जाना है �वदेशी शोर क� तलुना म� बहुत मजबतू डटेा मोड �स�नल (लगभग 25 - 30 डीबी                   

मजबतू) डीएम म� संकेत, जो इस सम�या को हा�न के �कार म� दफन �याज के संकेत के समान                  

बनाता है आकलन क� सम�या। इस�लए, सट�क के �लए बड़ी मा�ा म� औसत क� आव�यकता               

होती है अनमुान, ��श�ण ए�गो�र�म के एक धीमी ग�त से अ�भसरण के प�रणाम�व�प।             

�नण�य-�नद��शत अनमुान सीधे तौर पर �नयोिजत नह�ं �कया जा सकता है, �य��क डीएम �स�नल              

अ�नयं��त �वदेशी शोर के �लए शोर के �नय�मत डटेा मोड �स�नल क� तलुना म� अनपुात लगभग                

25-30 डीबी तक कम हो सकता है अनपुात (आमतौर पर लगभग 50 डीबी), िजसके              

प�रणाम�व�प ��ुट संभावनाएं 1 के कर�ब ह�। इस थी�सस को हल करना है इन चनुौ�तय�, ता�क                

सामा�य-मोड स�सर का उपयोग करने के �लए �यावहा�रक �प से �यवहाय� �व�ध का �नमा�ण              

�कया जा सके ए�लयन नॉइज़ क� सलेशन के �लए, साथ ह� ��ता�वत �व�ध पर �वचार करके श�ु                

�कए गए अ�त�र�त म�ुद� का पता लगाएं। 

 

हमारा ��ता�वत समाधान ��श�ण के �लए आव�ृ�-डोमेन “��त-�वर”' मॉडल के उपयोग पर            

आधा�रत है और र�द�करण, िजसम� हम यह मानते ह� �क �वदेशी शोर क� च��य संरचना है, इस                 

�कार सीएम-डीएम �स�नल कप�लगं मॉडल म� एक सि�नकटन श�ु करना। आव�ृ� का उपयोग             

डोमेन ��त-टोन मॉडल हम� �नण�य-�नद��शत अनमुान बहुत ह� श�ु करने क� अनमु�त देता है              

आसानी से DSL OFDM डटेा �ांस�मशन का उपयोग करता है। ��त-टोन मॉडल भी स�म बनाता               

है अ�य काया��वयन से संबं�धत होने के अलावा, कम ज�टलता ��श�ण और र�द करना फायदे।               

हमने ��श�ण के �लए एक कम ज�टलता वाले दो-चरण के ए�गो�रदम का ��ताव �कया है               

गैर-�नण�य-�नद��शत पहले चरण के साथ ��त-टोन क� �सलर, और दसूरा पनुराव�ृ �नण�य-�नद��शत           

चरण, िजसम� काफ� तजेी से अ�भसरण होता है। हमने �दान �कया है ��ता�वत ए�गो�र�म के               

दोन� चरण� के अ�भसरण का �व�ततृ �व�लेषण। ��ता�वत ए�गो�र�म क� �भावका�रता क�            
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मा�यता एक अ�त�र�त चनुौती ��ततु करती है, �य��क �वदेशी ह�त�ेप के �लए कोई मानक              

सांि�यक�य शोर मॉडल उपल�ध नह�ं है, इसक� �कृ�त के �प म� �ोत से �ोत तक �यापक �प से                  

�भ�न होता है। इस सम�या को हल करने के �लए, हमने �भावका�रता का �दश�न �कया है एक                 

��तकूल गैर-ि�थर शोर मॉडल का उपयोग करके �समलेुशन के मा�यम से ए�गो�र�म। 

 

इसके अलावा, हमने ��श�ण के �लए एक संय�ुत समय और आव�ृ� डोमेन ए�गो�रदम भी              

��ता�वत �कया है शोर क� सेलर, िजसम� उ�च ज�टलता है ले�कन बहुत तजेी से अ�भसरण और               

कुछ �दान क� है इसके अ�भसरण के �लए सी�मत औ�च�य। इसके अ�त�र�त, हमने एक और               

सं�करण भी ��ता�वत �कया है आव�ृ�-डोमेन ��त-टोन ��श�ण ए�गो�र�म, िजसम� उ�च           

�म�ृत आव�यकताएं ह� ले�कन दो चरण ��त टोन ए�गो�र�म क� तलुना म� तजेी से अ�भसरण               

पहले उ�लेख �कया गया है। दोन� ये ए�गो�रदम कठोर �व�लेषण के �लए उ�रदायी नह�ं ह�,               

ले�कन �यवहार म� उपयोगी हो सकत ेह�। 

 

थी�सस म� अ�य मह�वपणू� योगदान पेर-टोन का �व�लेषणा�मक उपचार है आदश�। पेर-टोन            

मॉडल, जो यह मानता है �क �वदेशी शोर संकेत म� सकु� लर संरचना है, एक अतं�न��हत सि�नकटन                

है। इस अतं�न��हत सि�नकटन के कारण, पेर-टोन र�द�करण म� अव�श�ट र�द�करण के बाद का              

शोर हो सकता है रै�खक (टाइम-डोमेन) कनव�शन �वारा र�द करने म� अव�श�ट शोर से अ�धक               

है। हमने �व�लेषणा�मक �प से अव�श�ट शोर शि�त के �लए अ�भ�यि�त �नकाल� है और एक ``                

पो�ट-�े�नगं '' देर� समायोजन का उपयोग करके इसे अनकूु�लत करने का एक तर�का सझुाया है।               

इसके बाद, हम य�ुमन के `` सह� '' टाइम-डोमेन आवेग ��त��या और ��त-टन गुणांक के               

�य�ु�म असतत फू�रयर �पांतरण �वारा �ा�त ��त��या के बीच सट�क संबंध �ा�त करते ह�।              

टोल�प�ज़ और सकु� लर म�ै�स के बीच �पश��मखु त�ुयता के प�रणाम� का उपयोग करते हुए,              
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हम �दखाते ह� �क इस सट�क संबंध को अ�धकांश �यावहा�रक मामल� म� बहुत सरलता से समझा                

जा सकता है, िजसके प�रणाम�व�प पेर-टोन गुणांक से समय-डोमेन आवेग ��त��या �ा�त            

करने का एक सरल तर�का है, िजसम� टन� का उपयोग बेहतर र�द�करण �दश�न क� पेशकश के                

�लए �कया जा सकता है। �व�लेषण क� इस पंि�त का उपयोग पेर-टोन मॉडल के अ�छे �दश�न के                 

�लए �व�लेषणा�मक औ�च�य �ा�त करने के �लए �कया जाता है, इसके अतं�न��हत सि�नकटन             

के बावजदू। हम बताते ह� �क पेर-टोन र�द�करण के मामले म�, अव�श�ट शोर संभा�वत �प से                

ज�टल गैर-प�रप� �प से �वत�रत �कया जा सकता है िजसके प�रणाम�व�प �दश�न का कुछ              

अ�त�र�त नकुसान हो सकता है। हम इस �भाव का �व�लेषण करते ह� और बताते ह� �क वाइडब�ड                 

शोर प�र��य� के �लए, यह �भाव ह�का हो सकता है। इसके अलावा, हम डीएसएल मानक� म�                

उपयोग �कए जाने वाले चार-आयामी (4D) �े�लस कोडडे मॉ�यलेूशन (TCM) के �दश�न पर             

ज�टल गैर-प�रप� �प से �वत�रत गौ�सयन शोर के �भाव का �व�लेषण करते ह�, और इस               

प�र��य म� कोड के �दश�न को सधुारने के उपाय सझुात ेह�। 

 

 

xii



TABLE OF CONTENTS

CERTIFICATE i

ACKNOWLEDGEMENTS iii

ABSTRACT v

TABLE OF CONTENTS xiii

LIST OF FIGURES xix

LIST OF TABLES xxiii

ACRONYMS xxv

NOTATION xxix

1 INTRODUCTION 1

1.1 DSL Systems and their Evolution . . . . . . . . . . . . . . . . . . . . . 1

1.2 DSL Physical Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Impairments Affecting a DSL Receiver . . . . . . . . . . . . . . . . . 8

1.3.1 Self-crosstalk and its Mitigation . . . . . . . . . . . . . . . . . 8

1.3.2 The Alien Noise Problem in DSL . . . . . . . . . . . . . . . . 10

1.4 Alien Noise Cancellation vs Existing Mitigation Techniques . . . . . . 13

1.4.1 Interleaved Reed-Solomon Coding based FEC . . . . . . . . . 17

1.4.2 Retransmission . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.4.3 Noise Cancellation: Why is it Useful? . . . . . . . . . . . . . . 18

1.5 Alien Noise Coupling Mechanism . . . . . . . . . . . . . . . . . . . . 19

1.5.1 The Common and Differential-Modes of Propagation . . . . . . 20

1.5.2 Conversion between the Common and Differential-Modes . . . 22

1.5.3 Signal Transmission and Coupling in DSL systems . . . . . . . 24

xiii



1.5.4 Common-Mode as an Extra Degree of Freedom . . . . . . . . . 25

1.6 Key Challenges in Common-Mode Sensor based Noise Cancellation . . 25

1.7 Survey of Previous and Related Work . . . . . . . . . . . . . . . . . . 29

1.7.1 Cancellation at the Downstream Receiver using only the Differen-
tial - Mode Signal . . . . . . . . . . . . . . . . . . . . . . . . 29

1.7.2 Cancellation at the Downstream Receiver employing both Com-
mon and Differential-Mode Signals . . . . . . . . . . . . . . . 30

1.7.3 Alien Noise Cancellation Based on One-Sided or Two-Sided Joint
Processing across Multiple Users . . . . . . . . . . . . . . . . 32

1.7.4 Common-Mode for Data Transmission . . . . . . . . . . . . . 33

1.7.5 Others . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

1.8 Summary of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 34

1.8.1 Theme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

1.8.2 Main Contributions . . . . . . . . . . . . . . . . . . . . . . . . 35

1.8.3 Organization of the Thesis . . . . . . . . . . . . . . . . . . . . 37

2 SYSTEM MODEL AND PROPOSED NOISE CANCELLER 39

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.2.1 Common-Mode as a Noise Alone Reference . . . . . . . . . . . 42

2.2.2 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.3 Proposed "Per-Tone" MMSE Canceller . . . . . . . . . . . . . . . . . . 45

2.3.1 Residual Noise Power . . . . . . . . . . . . . . . . . . . . . . 46

2.3.2 Some Observations on the Per-Tone Model . . . . . . . . . . . 47

2.3.3 Handling the Approximation in Per-Tone model . . . . . . . . . 48

2.4 Reverse Data Leakage . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.4.1 CM Transmission . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.4.2 Linear Cancellation of the Data Signal at the CM Receiver . . . 52

2.4.3 Two Sided Coordination . . . . . . . . . . . . . . . . . . . . . 52

2.5 Multiple Sources and Multiple Noise Alone References . . . . . . . . 53

2.6 Compatibility with Vectored DSL . . . . . . . . . . . . . . . . . . . . 55

2.6.1 Full CM and DM Vectoring . . . . . . . . . . . . . . . . . . . 57

2.7 Summary of the Chapter . . . . . . . . . . . . . . . . . . . . . . . . . 58

xiv



3 LOW COMPLEXITY TRAINING METHODS BASED ON THE PER-TONE
MODEL 59

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.2 Non Decision-Directed Block Least Squares (NDBLS) Estimate . . . . 60

3.2.1 Convergence of the NDBLS Estimate . . . . . . . . . . . . . . 60

3.2.2 Properties of the NDBLS Estimator . . . . . . . . . . . . . . . 61

3.2.3 Proof of Lemma 3.1 . . . . . . . . . . . . . . . . . . . . . . . 63

3.3 Decision-Directed (DD) Estimate . . . . . . . . . . . . . . . . . . . . . 67

3.3.1 Excess Residual Noise Power . . . . . . . . . . . . . . . . . . 68

3.4 Joint NDBLS-DD Algorithm . . . . . . . . . . . . . . . . . . . . . . . 70

3.4.1 Selecting the Switch-Point . . . . . . . . . . . . . . . . . . . . 71

3.4.2 Calculating P ndd
e . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.4.3 Handling Incorrect Predictions of the Switch-Point . . . . . . . 74

3.4.4 Repeated Decision-Directed Stages . . . . . . . . . . . . . . . 75

3.4.5 Additional Insight: Moving the Switch-Point Forward . . . . . 76

3.4.6 Why does Repeated Decision-Directed Estimation Converge ? . 77

3.4.7 Another View on Convergence of Repeated Decision-Directed Es-
timation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.5 Simulation Experiments and Discussion . . . . . . . . . . . . . . . . . 82

3.5.1 REIN Model for Testing the Proposed Algorithm . . . . . . . . 82

3.5.2 Experimental and Simulation Setup . . . . . . . . . . . . . . . 85

3.5.3 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . 86

3.6 Complexity of the Proposed Canceller and Training Method . . . . . . 92

3.7 LMS based Adaptation of the Per-Tone Canceller . . . . . . . . . . . . 93

3.7.1 Proposed Scheme . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.8 Summary of the Chapter . . . . . . . . . . . . . . . . . . . . . . . . . 96

4 INSIGHTS INTO THE PER-TONE MODEL 97

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.2 High Level Justification for the Per-Tone Model . . . . . . . . . . . . . 99

4.3 Analytical expression for Hpertone(q) . . . . . . . . . . . . . . . . . . . 101

4.3.1 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

xv



4.4 Approximation to the True Impulse Response . . . . . . . . . . . . . . 107

4.4.1 Characterizing the Behaviour of the Approximation Error . . . 108

4.5 Uncancellable Noise in the Per-Tone Model . . . . . . . . . . . . . . . 113

4.5.1 Optimization of Uncancellable Energy by Adjusting the Misalign-
ment T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.5.2 Measurement Results . . . . . . . . . . . . . . . . . . . . . . . 117

4.6 Asymptotic Behaviour of Uncancellable Noise on a Subcarrier . . . . . 119

4.7 Complex Non-Circular (Improper) Character of the Residual Noise in Per-
Tone Cancellation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.7.1 Background on Circularity . . . . . . . . . . . . . . . . . . . . 122

4.7.2 Circularity Coefficient for Per-Tone Cancellation Residual Noise 124

4.7.3 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . 130

4.7.4 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

4.8 4-Dimensional (4D) TCM Performance with Complex Non-Circularly Dis-
tributed Gaussian Noise . . . . . . . . . . . . . . . . . . . . . . . . . . 132

4.8.1 Background on the DSL 4-Dimensional (4D) TCM Code . . . . 133

4.8.2 Performance Loss with Non-Circularly Distributed Noise . . . . 139

4.8.3 Mitigation of the Loss . . . . . . . . . . . . . . . . . . . . . . 143

4.8.4 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . 148

4.8.5 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

4.9 Summary of the Chapter . . . . . . . . . . . . . . . . . . . . . . . . . 150

5 FAST CONVERGING TRAINING ALGORITHMS 152

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

5.2 Joint Time and Frequency Domain Approach for Faster Convergence . 152

5.2.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.2.2 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . 157

5.2.3 Another Formulation . . . . . . . . . . . . . . . . . . . . . . . 159

5.2.4 Algorithm Description . . . . . . . . . . . . . . . . . . . . . . 160

5.2.5 Convergence over a Single DMT Symbol . . . . . . . . . . . . 162

5.2.6 Convergence over Multiple DMT Symbols . . . . . . . . . . . 163

5.2.7 Other Issues and Remarks . . . . . . . . . . . . . . . . . . . . 165

5.2.8 Complexity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

xvi



5.2.9 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . 167

5.2.10 Additional Remarks . . . . . . . . . . . . . . . . . . . . . . . 170

5.3 Opportunistic Approach for the Frequency-Domain Per-Tone model . . 171

5.3.1 Proposed Extension . . . . . . . . . . . . . . . . . . . . . . . . 172

5.3.2 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . 173

5.3.3 Critique and Conclusion . . . . . . . . . . . . . . . . . . . . . 176

5.4 Summary of the Chapter . . . . . . . . . . . . . . . . . . . . . . . . . 179

6 CONCLUSIONS AND FUTURE WORK 180

REFERENCES 183

A Derivation of (4.13) 193

B Upper-Bounds on the Weak Norm of the Cross-Correlation Matrix Sc 196

C Asymptotic Results on the Cross-Correlation of DFT Domain Terms 199

D Probability of Error Expressions for Detection in Complex Non-Circularly
Distributed Gaussian Noise 202

E Summary of Contributions and Previous Work on the Subject 206

LIST OF PUBLICATIONS BASED ON THE THESIS 209

AUTHOR BIOGRAPHY 209



LIST OF FIGURES

1.1 DSL deployment configuration. . . . . . . . . . . . . . . . . . . . . . . 1

1.2 DSL transmitter block diagram. . . . . . . . . . . . . . . . . . . . . . 5

1.3 DSL receiver block diagram. . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 DSL modem startup sequence. . . . . . . . . . . . . . . . . . . . . . . 6

1.5 Measured average PSD (averaged over 640 DMT symbols) for REIN em-
anating from running treadmill [1]. . . . . . . . . . . . . . . . . . . . . 13

1.6 Measured average PSD (averaged over 640 DMT symbols) for REIN em-
anating from an HPAV (PLC) modem [1]. . . . . . . . . . . . . . . . . 14

1.7 Measured PSD for REIN emanating from blender [2]. . . . . . . . . . . 14

1.8 Time domain capture of REIN from blender [2]. . . . . . . . . . . . . . 15

1.9 Time domain capture of REIN from drill [2]. . . . . . . . . . . . . . . 15

1.10 Time domain capture of a PEIN event [3]. . . . . . . . . . . . . . . . . 16

1.11 Time domain capture of a lightning strike event [4], an example of SHINE. 16

1.12 Two conductor transmission line over a ground plane. . . . . . . . . . . 19

1.13 Voltages and currents at a transition point in the imbalance factor. . . . 22

1.14 Common-mode and differential-mode termination for a twisted pair. . . 25

1.15 Measured CM sensor to DM sensor coupling: Time and frequency-domain
response for treadmill noise coupling [1]. . . . . . . . . . . . . . . . . 28

2.1 System diagram of the CM-DM receiver. . . . . . . . . . . . . . . . . . 40

2.2 Received signal PSD at DM and CM sensors for DM data signal transmit-
ted over a 400m loop [1]. . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.3 Per-Tone canceller block. . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.4 Flow diagram depicting time-domain cancellation with filter derived from
Per-Tone canceller coefficients. . . . . . . . . . . . . . . . . . . . . . 50

3.1 Predicted SNR bounds for NDBLS convergence. . . . . . . . . . . . . 63

3.2 Magnitude of X vs X̂ −X . . . . . . . . . . . . . . . . . . . . . . . . 69

3.3 Variation of log ((Pe|F (Pe)|)2) with Pe for various probability distribu-
tions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

xix



3.4 Modelled variation of the power spectral density in the assumed REIN
model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.5 PSD of received CM signal with injected white noise. . . . . . . . . . . 86

3.6 Impulse response and frequency-domain magnitude response of measured
CM to DM sensor coupling with injected white noise for the VDSL2 17
MHz band. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.7 Predicted SNR bounds for NDBLS convergence and SER Thresholds. . 88

3.8 NDBLS Convergence:Predicted lower bound vs actual post-cancellation
SNR for NDBLS convergence with the assumed non-stationary alien noise
(REIN) model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3.9 Cancellation performance of the proposed two stage joint NDBLS-DD al-
gorithm vs time domain NLMS with the assumed non-stationary alien no-
ise (REIN) model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.10 Repetitive DD method cancellation performance and time-domain can-
celler performance with the assumed non-stationary alien noise (REIN)
model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

3.11 Repetitive decsision-directed (DD) method cancellation performance with
alien noise modelled as stationary, white, and Gaussian distributed. . . . 91

3.12 Decorrelating real and imaginary parts of a complex non-circular random
variable by rotation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.13 Convergence speed of standard complex LMS vs proposed modified com-
plex LMS for strongly non-circular alien noise. . . . . . . . . . . . . . 96

4.1 CM and DM DFT windows, CM-DM coupling impulse response and the
cyclic decomposition of zc(t). . . . . . . . . . . . . . . . . . . . . . . 102

4.2 Estimation error for hcd(t) with spectrally colored noise. . . . . . . . . 107

4.3 Variation of Ξ(hcd, T ) with T . . . . . . . . . . . . . . . . . . . . . . . 118

4.4 Cancellation performance with different values of T . . . . . . . . . . . 118

4.5 Relative magnitudes of upper-bound on α(r) with increasing r for P =
8192 and L = 250. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

4.6 Circularity coefficient for residual noise and uncancelled noise for spec-
trally colored zc(t). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

4.7 Circularity coefficient for residual noise and uncancelled noise for white
zc(t). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

4.8 Convolutional encoder for 4D TCM [5], [6]. . . . . . . . . . . . . . . . 135

4.9 Mapping of two-dimensional cosets [5]. . . . . . . . . . . . . . . . . . 136

xx



4.10 Trellis diagram for the DSL 4D TCM code [5]. The 4 values adjacent to
each state label indicate the 4D coset output for the 4 branches leaving or
entering the state. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

4.11 Type 1 error event: 2D coset 0 points located distances 2d and 2
√

2d away
detected, instead of the actual point [6]. . . . . . . . . . . . . . . . . . 137

4.12 Type 2 error event: For 4D Coset 0, 2D coset pair (0,0) detected as (3,3)
[6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

4.13 Noise is a complex non-circularly distributed random variable. . . . . . 140

4.14 4D TCM error rate performance of the worst case vs optimized configura-
tion for circularity coefficient % = 0.5. . . . . . . . . . . . . . . . . . . 149

4.15 4D TCM error rate performance of the worst case vs optimized configura-
tion for circularity coefficient % = 0.99. . . . . . . . . . . . . . . . . . 150

5.1 Block diagram of the proposed cancellation framework . . . . . . . . . 154

5.2 Convergence behaviour over multiple DMT symbols . . . . . . . . . . 165

5.3 PEIN cancellation performance with noise level ≈ -120 dBm/Hz . . . . 168

5.4 PEIN cancellation performance with noise level ≈ -90 dBm/Hz . . . . . 168

5.5 REIN cancellation erformance with noise level ≈ -120 dBm/Hz . . . . 169

5.6 Cancellation performance with narrowband interference . . . . . . . . . 169

5.7 Relative magnitudes of the CM-DM coupling function at bins q and q − 1 174

5.8 Cumulative distribution function of the term
∣∣∣ Hpertone(q)

Hpertone(q−1)

∣∣∣ . . . . . . . 175

5.9 Region with no decision errors . . . . . . . . . . . . . . . . . . . . . . 175

5.10 Batch-processing algorithm performance with noise level of ≈ -115
dBm/Hz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

5.11 Batch-processing algorithm performance with noise level of ≈ -110
dBm/Hz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

D.1 Configuration of detection problem in complex non-circularly distributed
noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

xxi



LIST OF TABLES

3.1 Excess Residual Error vs Probability of Error at the NDBLS Switch-Point
(Complex Circular Gaussian Distributed Noise) . . . . . . . . . . . . . 73

3.2 Simulation Setup Parameters . . . . . . . . . . . . . . . . . . . . . . . 87

4.1 Relation between 4D and 2D Cosets [5] . . . . . . . . . . . . . . . . . 136

4.2 Worst-case Free Squared distance vs Proposed Optimized Free Squared
Distance (New Metric) for various Non-Circular Noise Configurations . 147

4.3 Free Squared Distance for Type 3 Errors corresponding to Optimization
for Type 1 and Type 2 Errors . . . . . . . . . . . . . . . . . . . . . . . 148

5.1 Simulation Setup Parameters . . . . . . . . . . . . . . . . . . . . . . . 167

xxiii



ACRONYMS

ADSL Asymmetric Digital Subscriber Line

AM Amplitude Modulation

ARMA Auto-regressive Moving Average

AWGN Additive White Gaussian Noise

BER Bit-Error Rate

CAP Carrierless Amplitude Phase

CDF Cumulative Distribution Function

CM Common Mode

CO Central Office

CPE Customer Premises Equipment

CRC Cyclic Redundancy Check

DD Decision-Directed

DFT Discrete Fourier Transform

DMT Discrete Multi-Tone Modulation

DM Differential Mode

DSL Digital Subscriber Line

DSM Dynamic Spectrum Management

DS Downstream

EM Electromagnetic

FDAF Frequency Domain Adaptive Filtering

FDD Frequency Division Duplexing

FEC Forward Error Correction

FEQ Frequency Domain Equalizer

FEXT Far-End Cross Talk

xxv



FFT Fast Fourier Transform

FIR Finite Impulse Response

HDSL High Speed Digital Subscriber Line

HDTV High Definition Television

i.i.d. Independent and Identically Distributed

IN Impulse Noise

IRC Interference Rejection Combining

ISDN Integrated Services Digital Network

ICI Inter-Carrier Interference

ISI Inter-Symbol Interference

LMS Least Mean Square

LS Least Squares

LSB Least Significant Bit

LTI Linear Time-Invariant

MIMO Multiple-Input Multiple-Output

ML Maximum Likelihood

MMSE Minimum Mean Square Error

MU-MIMO Multi-User MIMO

NAR Noise Alone Reference

NDBLS Non Decision-Directed Block Least Squares

NEXT Near-End Cross Talk

NLMS Normalized LMS

NM Noise Margin

OFDM Orthogonal Frequency Division Multiplexing

PAM Pulse Amplitude Modulation

PEIN Prolonged Electrical Impulse Noise

PDF Probability Distribution Function

PHY Physical Layer

PLC Power Line Communications

xxvi



POTS Plain Old Telephone System

PSD Power Spectral Density

PTLB Per-Tone Lower Bound

QAM Quadrature Amplitude Modulation

QLN Quiet Line Noise

REIN Repetitive Electrical Impulse Noise

RF Radio Frequency

RLS Recursive Least Squares

RS Reed-Solomon

SER Symbol Error Rate

SHDSL Symmetric High Bit-Rate Digital Subscriber Line

SHINE Single High Electrical Impulse Noise

SMPS Switch Mode Power Supply

SNR Signal to Noise Ratio

TCM Trellis Coded Modulation

TDD Time Division Duplexing

TEM Transverse Electric Magnetic

TEQ Time-Domain Equalization

US Upstream

UTP Unshielded Twisted Pair

VDSL Very High Bit-Rate Digital Subscriber Line

xDSL Umbrella term for all recent DSL standards

xxvii



NOTATION

Lower-case letters, e.g., yd, zd, hcd Time-Domain Signals

Upper-case letters, e.g., Yd, Yd Frequency-Domain Signals

Boldface letters, e.g., H, hcd Matrices and Vectors

Superscript with bracket, e.g., Y (n) DMT Symbol Index

Subscript with bracket, e.g., β(k) Iteration Index

Subscript d, e.g., Yd Differential Mode Signal

Subscript c, e.g., Yc Common Mode Signal

Subscript cd, e.g., hcd Common Mode to Differential

Mode Coupling

Subscript dc, e.g., hdc Differential Mode to Common

Mode coupling

Subscript or superscript ndd, e.g., P ndd
e Non Decision-Directed

Subscript or superscript dd, e.g., βdd Decision-Directed

Superscript †, e.g., A† Moore-Penrose Pseudo-Inverse

q Subcarrier Index

t Sample Index in Time-Domain

N Number of DMT symbols

P Size of DFT in Number of Samples

L Length of CM to DM Coupling

Time-Domain Impulse Response

h, h Time-Domain Impulse Response

β Per-Tone Cancellation Coefficient

β Time-Domain Canceller

WP PXP DFT Matrix (un-normalized)

xxix



W ij
P Twiddle Factor for a P sized DFT

‖‖2 Frobenius Norm

Q(x) Standard Q function defined as

Q(x) = 1√
2π

∫∞
x
e
−x2

2 dx

E{} Expectation Operator

R Autocorrelation Matrix

r(i) Autocorrelation Sequence

Superscript T , e.g., hT Transpose of a Matrix/Vector

Superscript H , e.g., WH Hermitian Transpose of a Matrix/Vector

z, Z Alien Noise Signal

v, V Background AWGN

x, X Data Signal

Πslicer(Y ) Slicer or Decision-Device Function,

which returns the closest (in terms of

squared distance) constellation point to Y

xxx


	ramanjit singh ahuja-2012eez7508.pdf



